We consider the open shop scheduling problem with uncertain durations modelled as fuzzy numbers. We define the concepts of necessary and possible β-robustness of schedules and set as our goal to maximise them. Additionally, we propose to assess solution robustness by means of Monte Carlo simulations. Experimental results using a genetic algorithm illustrate the proposals.
Introduction
Scheduling problems form an important body of research since the late fifties, with multiple applications in industry, finance and science [1] . In particular, the open shop scheduling problem models situations frequently appearing in testing components of electronic systems, in general repair facilities when repairs can be performed in an arbitrary order, as well as in certain medical diagnosis procedures. However, the open shop is NP-complete for a number of resources m ≥ 3 and has a significantly large search space. Specific and efficient methods to solve it are necessary but still scarce, despite their increasing presence in the recent literature [2] .
Traditionally, it has been assumed that problems are static and certain: all activities and their durations are precisely known in advance and do not change as the solution is being executed. However, for many real-world scheduling problems design variables are subject to perturbations or changes, causing optimal solutions to the original problem to be of little or no use in practice. Therefore, a common practical requirement is to obtain so-called robust solutions, which should still work satisfactorily when design variables change slightly, for instance, due to manufacturing tolerances.
A source of changes in scheduling problems is uncertainty in activity durations. There exists great diversity of approaches to dealing with this kind of uncertainty [3] . Perhaps the best-known is stochastic scheduling, although fuzzy sets and possibility theory provide an interesting alternative, with a tradeoff between the expressive power of probability and their associated computational complexity and knowledge demands. Indeed, fuzzy sets have been used in different manners in scheduling, ranging from representing incomplete or vague states of information to using fuzzy priority rules with linguistic qualifiers or preference modelling (cf. [4] ).
The approaches to proactive robustness are several and varied. For instance, in stochastic settings, heuristic rules are used to include time buffers or slacks between activities in a baseline schedule [5] . In combinatorial optimisation, minmax or min-max regret criteria are applied to construct solutions having the best possible performance in the worst case [6] , an approach already translated to the fuzzy framework [7], [8] . However, this may be deemed as too conservative when the worst case is not crucial and an overall acceptable performance is preferred. This is the basis for the β-robustness approach in stochastic scheduling [9] , taking into account the subjective aspect of robustness through a target level specified by the decision maker so the goal is to maximise the likelihood that a solutions's actual performance is not worse than the target. This technique can be related to chance-constrained programming in linear optimisation, which has also been extended to fuzzy and fuzzy stochastic coefficients (cf. [10] ).
The open shop problem with uncertainty constitutes a relatively new and complex research line. While there are many contributions to solve fuzzy job shop problems (we can cite, among others, [11],[12], [13] or [14] ), the literature on fuzzy open shop is still scarce. Among the few existing proposals, a heuristic approach is proposed in [15] to minimise the expected makespan for an open shop problem with stochastic processing times and random breakdowns; in [16] the expected makespan of an open shop with fuzzy durations is minimised using a genetic algorithm hybridised with local search. Finally, in the framework of multiobjective approach, a possibilistic mixed-integer linear programming method is proposed in [17] for an OSP with setup times, fuzzy processing times and fuzzy due dates to minimise total weighted tardiness and total weighted completion times and in [18] a goal programming model based on lexicographic multiobjective optimisation of both makespan and due-date satisfaction is adopted and solved using a particle swarm algorithm.
In this paper, we intend to advance in the study of the fuzzy open shop problem, and in particular, in the search of robust solutions. In analogy to stochastic scheduling, we shall define the concepts of β * -robust and β * -robust schedules in terms of necessity and possibility, so the objective will then be to maximise such robustness. Then, we shall propose to perform an additional analysis of the obtained solutions using a Monte-Carlo simulation method based on the semantics of fuzzy schedules from [13] . Finally, we adapt the genetic algorithm from [19] and provide experimental results to illustrate our proposals.
The Fuzzy Open Shop Problem
The open shop scheduling problem, or OSP in short, consists in scheduling a set of n jobs J 1 , . . . , J n to be processed on a set of m physical resources or machines M 1 , . . . , M m . Each job consists of m tasks or operations, each requiring
